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The cytoplasmic polyadenylation element-binding
protein 3 (CPEB3), a regulator of local protein syn-
thesis, is the mouse homolog of ApCPEB, a func-
tional prion protein in Aplysia. Here, we provide
evidence that CPEB3 is activated by Neuralized1,
an E3 ubiquitin ligase. In hippocampal cultures,
CPEB3 activated by Neuralized1-mediated ubiq-
uitination leads both to the growth of new dendritic
spines and to an increase of the GluA1 and GluA2
subunits of AMPA receptors, two CPEB3 targets
essential for synaptic plasticity. Conditional overex-
pression of Neuralized1 similarly increases GluA1
and GluA2 and the number of spines and functional
synapses in the hippocampus and is reflected in
enhanced hippocampal-dependent memory and
synaptic plasticity. By contrast, inhibition of Neural-
ized1 reduces GluA1 and GluA2 levels and impairs
hippocampal-dependent memory and synaptic
plasticity. These results suggest a model whereby
Neuralized1-dependent ubiquitination facilitates hip-
pocampal plasticity and hippocampal-dependent
memory storage by modulating the activity of
CPEB3 and CPEB3-dependent protein synthesis
and synapse formation.INTRODUCTION
Ubiquitin-mediated proteolysis is an important posttranslational
modification for synaptic plasticity. Ubiquitination results from
the covalent attachment to a protein substrate of the small
protein ubiquitin and can involve either single ubiquitin moieties
or polymeric ubiquitin chains (DiAntonio and Hicke 2004). Ubiq-
uitination requires the coordinated action of a ubiquitin-activating enzyme (E1), several ubiquitin-conjugating enzymes
(E2s), and numerous ubiquitin ligases (E3s) (Glickman and Cie-
chanover 2002).
Ubiquitination modulates neuronal plasticity by targeting of
synaptic components for degradation and by regulating the
trafficking of synaptic receptors (Mabb and Ehlers, 2010). In
addition to triggering degradation, polyubiquitin chains formed
through combinations of the lysine residues of ubiquitin can
modify protein function and activity (Chen and Sun, 2009). One
or more single ubiquitin moieties can modify protein-protein
interactions, protein localization, and protein activity (DiAntonio
and Hicke 2004; Hicke, 2001). These nondegradative functions
of ubiquitination have yet to be explored in the context of
synaptic plasticity, learning, and memory.
To better understand the nondegradative function of the ubiqui-
tin system, a number of studies have begun to identify the func-
tional significance of the E3 ubiquitin ligases, the key regulatory
determinants of the molecular targets of ubiquitination and,
together with the E2s, of the type of ubiquitination. Of the E3 ubiq-
uitin ligases studied so far (Segref andHoppe, 2009), Neuralized is
ofparticular interestbecause it facilitatesproteinsynthesis-depen-
dent long-term memory in Drosophila (Pavlopoulos et al., 2008).
Based on the results in flies, we have asked: does Neuralized
also facilitate memory storage in mice? We find that Neuralized1
(Neurl1), the mouse ortholog of the fly protein, is expressed in
the forebrain of the adult mouse and that its level is elevated by
synaptic activity. Experiments with dominant-negative inhibition
of Neurl1 in the adult mouse forebrain indicate that it reduces the
levels of GluA1 andGluA2 proteins and is critical for synaptic plas-
ticity andhippocampal-dependentmemory.Conversely, regulated
overexpression of Neurl1 in the adult forebrain leads to an overall
increase in the levels of GluA1 and GluA2 and an increase in the
number of spines and facilitates hippocampal synaptic plasticity
and enhances hippocampal-dependent learning and memory.
We next asked: how does Neurl1 mediate its actions? We
find that Neurl1 directly interacts with and monoubiquitinates
the cytoplasmic polyadenylation element-binding protein 3
(CPEB3), an RNA-binding protein and translational regulatorCell 147, 1369–1383, December 9, 2011 ª2011 Elsevier Inc. 1369
Figure 1. Neurl1 Is Expressed in the Adult Mouse
Forebrain and Is Localized in Dendrites and at
Postsynaptic Sites in Hippocampal Neurons
(A) In situ hybridization analysis of Neurl1 mRNA expres-
sion on coronal (1 and 2) and sagittal (3) brain slices from
adult (3.5 months) wild-type mice. cx, cerebral cortex; hp,
hippocampus; st, striatum; am, amygdala.
(B and C) Confocal sections of adult CA1 pyramidal
neurons. Coimmunostaining for Neurl1 and the dendritic
marker MAP2 or the presynaptic marker Synaptophysin
(Syn). (Bottom) High magnification of apical dendrites.
(D) Immunoblots of hippocampal homogenates (H) and
PSD extracts. Neurl1 and PSD95 are enriched in the PSD
fraction. Synaptophysin, the glial protein GFAP, and
histone 3 are controls.
(E) Confocal sections of cultured hippocampal neurons
(16 DIV) showing colocalization of endogenous Neurl1 and
PSD95. (ii and iii) High magnification of dendrites.
(F) Neurl1 protein level in the CA1 area is increased 30 min
after LTP induction at the Schaffer collateral pathway
using 4 TBS. ctrl, unstimulated controls. (Top) Examples of
western blots from three independent experiments.
(Bottom) Mean ± SEM from five independent experiments
(four mice; *p < 0.01).
See also Figure S1.that is the mouse homolog of the functional prion protein in
Aplysia ApCPEB (Theis et al., 2003; Huang et al., 2006). Monou-
biquitination of CPEB3 leads to its activation, the production of
its targets GluA1 and GluA2, and the formation of dendritic
spines in cultured hippocampal neurons. Neurl1 overexpression
increases the level of monoubiquitinated CPEB3 and the polya-
denylation and translation of GluA1 and GluA2. Conversely,
inhibition of Neurl1 reduces the translation of these targets.
These results suggest a model whereby Neurl1-mediated ubiq-
uitination facilitates hippocampal plasticity and hippocampal-
dependent memory storage by modulating CPEB3 activity and
CPEB3-dependent protein synthesis and synapse formation.
RESULTS
Neurl1 Is Localized in Postsynaptic Sites
in the Adult Hippocampus
Neurl1 is expressed throughout the adult forebrain, including
the cerebral cortex, amygdala, striatum, and hippocampus (Fig-1370 Cell 147, 1369–1383, December 9, 2011 ª2011 Elsevier Inc.ure 1A). We also found Neurl1 protein in the CA1
area of the hippocampus (Figures 1B and Fig-
ure S1 available online). Within the CA1 region,
Neurl1 was detected in the cell bodies of the
pyramidal neurons and was distributed along
their apical dendrites (Figure 1B). Consistent
with its presence at postsynaptic sites, Neurl1
had a complementary immunostaining pattern
with the presynaptic marker Synaptophysin
(Figure 1C). The postsynaptic localization of
Neurl1 was further documented by means of
its presence in the postsynaptic density fraction
isolated from the hippocampus of adult mice
and by colocalization with the postsynapticprotein PSD95 in cultured mouse hippocampal neurons (Figures
1D and 1E).
Synaptic Activity Increases Neurl1 Levels
In the fly, Neuralized overexpression facilitates memory forma-
tion. This finding led us to ask whether Neurl1 protein level is
upregulated by synaptic activity. We found that, 30 min after
the induction of LTP Neurl1, protein level was significantly
increased (Figure 1F).
Regulated Inhibition of Neurl1 in the Adult Forebrain
Impairs Hippocampal-Dependent Memory
Activity-dependent upregulation of Neurl1 in the hippocampus
suggested its possible involvement in mechanisms underlying
synaptic plasticity and memory storage. Consistent with this
view, Neuralized was found to be limiting for memory formation
in Drosophila (Pavlopoulos et al., 2008). We therefore asked: is
the function of Neurl1 also critical for memory and synaptic plas-
ticity in the mammalian brain? To address this question, we
inhibited Neurl1 in the adult mouse forebrain by generating
double-transgenic (DT) mice using the tetO/tTA system (May-
ford et al., 1996) that allowed us to regulate, reversibly, the
expression of the transgene in the adult forebrain of DT mice
(Figure S2A). We inhibited Neurl1 by expressing a dominant-
negative form (Neurl1DN) that lacks its RING Zn finger, the
domain that possesses the ubiquitin ligase activity (Koutelou
et al., 2008). A Flag epitope tag was fused at the C terminus
of Neurl1DN. Neurl1DN was expressed in the same CA1
neurons with Neurl1 and within those neurons in the same
neuronal compartments (Figure S2C). To avoid developmental
effects, Neurl1DN transcription was inhibited until day P40
(Figure S2B).
We first assessed memory in the Morris water maze (Morris
et al., 1982). In the hidden version, which tests hippocampal-
dependent spatial learning and memory, DT mice learned
the task as well as their control littermates, but they had
impaired memory of the platform position, as evidenced by
a probe trial 1 day after the end of training (Figures 2A and
S2D). The mice were also impaired in forming a good memory
of a new platform location (memory flexibility) and in novel object
recognition, another hippocampal-dependent task (Figures 2B,
2C, and S2D).
Noncognitive parameters and anxiety levels were similar
between all groups (Table S1), suggesting that the impaired
performance of DT mice results from impaired hippocampal-
dependent memory. Moreover, whenwe blocked the expression
of Neurl1DN in the adult forebrain by administering doxycycline
(Figure S2B), DT mice displayed cognitive performance similar
to controls (Figures 2C and S2E). Thus, the expression of
Neurl1DN in adult hippocampal neurons impairs hippocampal-
dependent memory formation, indicating the requirement of
Neurl1-mediated ubiquitination in this process.
Expression of Neurl1DN in the Adult Hippocampus
Impairs Synaptic Plasticity at Schaffer Collateral
Synapses
Is the hippocampal-dependent memory impairment observed
in Neurl1DN-expressing mice accompanied by alterations of
hippocampal synaptic plasticity? We obtained extracellular
recordings from hippocampal slices and induced LTP at the
Schaffer collateral pathway using a single theta burst stimulus
(1TBS). We found that, in Neurl1DN-expressing mice, the main-
tenance of L-LTP was impaired (Figure 2D). These effects were
not related to a defect in basal synaptic properties, as both
basal transmission and paired-pulse facilitation were unaltered
(Figure 2D). LTP in these mice was restored to control levels
when Neurl1DN expression was blocked by doxycycline
(Figure S2F).
In addition to their impaired memory, Neurl1DN mice ex-
hibited an impairment of memory flexibility, an impairment
thought to require LTD (Nicholls et al., 2008; Malleret et al.,
2010). Consistent with this idea, we also found LTD to be
impaired in these mice (Figure 2D). Taken together, our data
suggest that Neurl1 is required for hippocampal synaptic plas-
ticity, memory, and memory flexibility, consistent with the
observed activity-dependent upregulation of Neurl1 in wild-
type mice.Upregulation of Neurl1 in the Adult Forebrain Enhances
Hippocampal-Dependent Memory
The requirement of Neurl1 function in synaptic plasticity and
memory, as revealed in the Neurl1DN mice, and the activity-
dependent upregulation of Neurl1 level suggest that Neurl1 is
likely limiting for these processes. We therefore asked: will over-
expression of Neurl1 in the adult mouse forebrain similarly
enhance memory and synaptic plasticity? We now generated
a second line of DT mice: tetO-Neurl1-Flag/CaMKIIa-tTA.
Neurl1-Flag was expressed throughout the forebrain with
a pattern similar to that of the endogenous Neurl1 (Figure S3A).
Both the wild-type and transgenic proteins were expressed in
the same CA1 hippocampal neurons and in the same neuronal
compartments (Figure S3A). Neurl1 protein level in DT mice
was 1.88 ± 0.14 times more than that of controls (Figure S3A).
Similar to Neurl1DN, we activated the expression of Neurl1-
Flag at day P40.
In marked contrast to Neurl1DN mice, Neurl1 overexpressing
animals displayed an enhanced performance in learning and
formed a good memory of the platform location in the hidden
version of the Morris water maze. These mice also had signifi-
cantly enhanced learning and memory flexibility (Figures 3A
and S3B). Control mice needed almost twice as much training
to reach a comparable level of performance. Moreover, even
though by the end of training in the transfer phase, both groups
performed equally well, Neurl1-overexpressing mice again per-
formed better in a probe trial 8 days later (Figures 3A and
S3B). Thus, Neurl1 overexpression also enhances the mainte-
nance of long-term memory.
Neurl1-overexpressing mice also had enhanced memory for
novel object recognition (Figure 3B). Noncognitive parameters
and anxiety levels were similar between all groups (Table S2).
Inhibition of Neurl1-Flag expression and return of Neurl1 level
to the wild-type state in the adult forebrain of DT mice reversed
their enhanced performance in the cognitive tasks (Figures 3B
and S3D and Table S2). Thus, consistent with the role of its
Drosophila ortholog in flies, Neurl1 overexpression in adult
hippocampal neurons facilitates hippocampal-dependent
memory formation.
Neurl1 Upregulation in the Adult Hippocampus
Enhances Synaptic Plasticity at Schaffer Collateral
Synapses
Consistent with the results in Neurl1DN mice, L-LTP induced
by 1TBS at the Schaeffer collateral pathway was increased in
Neurl1-overexpressing animals (Figure 3C and Table S2). In
addition to an increase in the late phase, the early phase of
LTP also was increased and was present even when we used
a weaker LTP induction protocol (one train at 100 Hz; Figure 3D).
This increase in the amplitude of E-LTP was likely due to a
stronger depolarization produced by the tetanus. To test this
idea more directly, we carried out recordings under whole-cell
configuration using a pairing protocol consisting of a low-
frequency presynaptic stimulation combined with sustained
postsynaptic depolarization to 0 mV and found that, indeed,
the magnitude of E-LTP was not different between Neurl1-over-
expressing and control mice (Figure 3C). In further agreement
with this idea, the basal synaptic transmission was slightlyCell 147, 1369–1383, December 9, 2011 ª2011 Elsevier Inc. 1371
Figure 2. Inhibition of Neurl1 in the Adult Hippocampus Impairs Memory and Synaptic Plasticity
(A) Averaged data (± SEM) from the Morris water maze of Neurl1DN-expressing mice (DT off dox) and control siblings. The performance of DT was significantly
lower in the probe trial (quadrant*genotype effect, p < 0.04; t test for training quadrant [TQ], *p < 0.007).
(B) Transfer phase of thewatermaze. DT performed significantly worse than controls in the probe trial (quadrant*genotype effect, p < 0.04; t test for TQ, *p < 0.013;
mean ± SEM). (PQ) TQ in A.
(C) Novel object recognition (mean ± SEM). (i) The discrimination index of DT was significantly lower in the 24 hr test (*p = 0.001). Total exploration times were
similar (p > 0.4). (ii) Mice tested on dox. No differences were observed (p > 0.6).
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increased in Neurl1-overexpressing mice, which likely reflects
a postsynaptic change, as paired-pulse ratio was also slightly
enhanced, consistent with a decrease in the probability of gluta-
mate release (Figure 3C).
When we used four trains at 100 Hz spaced by 5 min, which
leads to the induction of L-LTP, we found, in addition to the facil-
itation of the early phase, a strong increase of the amplitude of
L-LTP in Neurl1-overexpressing mice compared to controls
(Figure 3C). The changes did not result from either impairment
of inhibitory transmission or different basicmembrane properties
in DT mice (Figure S3C), and they were reversed when Neurl1
overexpression was blocked in the adult hippocampus
(Figure S3E).
Consistent with the data obtained from Neurl1DN mice, the
LTD also was significantly increased in Neurl1-overexpressing
animals (Figure 3C).
Overexpression of Neurl1 Increases the Number
of Synapses in the Adult Hippocampus
The increase in basal transmission accompanied by a decrease
in glutamate release probability and the bidirectional facilitation
of plasticity in Neurl1-overexpressing mice could reflect an
increase in the number of functional synapses. To explore this
possibility, we investigated the density of spines of the apical
dendrites of CA1 pyramidal neurons in Neurl1-overexpressing
mice and found it to be significantly increased (54.3%) and to re-
turn to control levels in DT mice on dox (Figures 4A and S4A).
To determine whether the increased spine number resulted
in an increase in the number of functional synapses, we per-
formed whole-cell recordings and monitored miniature EPSCs
(mEPSCs) independent of action potentials. We found that the
amplitude of mEPSCswas similar in controls and Neurl1-overex-
pressingmice, suggesting that the number of synaptic glutamate
AMPA receptors (AMPAR) was likely not affected byNeurl1 over-
expression (Figure 4B). However, the frequency of mEPSCs was
significantly increased in the Neurl1-overexpressing animals
(Figure 4B). Because release probability is likely not increased
in these mice, these results suggest that Neurl1 overexpression
in the adult hippocampus leads to an increase in functional
synapses, but not in the number of AMPAR per synapse.
In addition, the levels of three markers of synaptic density, the
two postsynaptic markers PSD95 and Shank and the presyn-
aptic marker synaptophysin (Sala et al., 2001; Shimada et al.,
2003), were significantly increased and returned back to control
levels when the overexpression of Neurl1 was blocked
(Figure 4C).
The involvement of Neurl1 in the regulation of synapse forma-
tion is consistent with the role of Neurl1 in the maintenance of
LTP and LTD (see Discussion) and may also explain the facilita-
tion of E-LTP in the Neurl1-overexpressing mice, as more
synaptic contacts tend to increase the slope of EPSPs and facil-
itate the induction of LTP.(D) Expression of Neurl1DN in the hippocampus impairs the late phase of LTP and
(t test 0–60 min, p = 0.17). L-LTP was impaired (t test 60–120 min and 120–180min
induction. (ii) LTDwas impaired in DT (t test 40–90min, p < 0.05). Basal transmissio
in iii and iv) Sample traces (PPR: traces for 10, 50, 100, 200, and 300 ms delays
See also Table S1 and Figure S2.Neurl1 Overexpression Increases the Number
of AMPA-Type Receptor Subunits GluA1 and GluA2
The increase in the number of functional synapses and the
accompanying unaltered amplitude of mEPSCs compared to
controls suggest that the overall synaptic population of
AMPAR—critical components for synaptic plasticity—is likely
increased in Neurl1-overexpressing hippocampal neurons.
What is responsible for this increase? We found that the upregu-
lation of Neurl1 in the adult hippocampus significantly increased
both the GluA1 and the GluA2 subunits of AMPAR (Figure 4D).
We confirmed these observations using cultured hippocampal
neurons. We also found that Neurl1 overexpression does not
affect the trafficking and endocytosis of AMPAR (Table S3 and
Figures S4B and S4C). Thus, Neurl1 is involved in regulating
the overall protein levels of AMPAR. Perhaps most important,
AMPAR levels and spine formation follow similar patterns of
change, suggesting that Neurl1 may act on common or parallel
molecular mechanisms to regulate these processes.
Neurl1 Facilitates Protein Synthesis of GluA1 and GluA2
In addition to not affecting the mRNA levels of GluA1 and GluA2 in
the hippocampus (Figure 4E), Neurl1 overexpression did not affect
the rate of degradation of GluA1 and GluA2 proteins. This was
evident by (1) the similar net decrease of GluA1 and GluA2 protein
levels in the hippocampus of Neurl1-overexpressing and control
mice1.5hrafter theadministrationof theprotein synthesis inhibitor
anisomycin and (2) the similar rates of degradation and half-life of
metabolically labeled (35S) GluA1 and GluA2 proteins in Neurl1-
overexpressing and control cultured hippocampal neurons
(Figures 4F and S4D). Importantly, the levels of newly synthesized
35S-GluA1 and 35S-GluA2 in neurons overexpressing Neurl1 were
significantly higher thancontrols (Figure 4G). This increasewasnot
due to differences between the mRNA levels of GluA1 and GluA2
(Figure 4G), suggesting that Neurl1 overexpression augments the
protein levels of GluA1 and GluA2 by modulating their translation.
Consistent with the involvement of Neurl1 in the regulation
of AMPAR protein synthesis, inhibiting Neurl1 reduced the
synthesis of GluA1 and GluA2 proteins in cultured hippocampal
neurons without affecting their rate of degradation. Similarly, the
protein, but not the mRNA levels, of GluA1 and GluA2 were
significantly reduced in the hippocampus of adult Neurl1DN-ex-
pressing mice (Figures S4E and S4F). The fact that reduced
basal levels of AMPAR in Neurl1DNmice do not alter basal trans-
mission and the induction of LTP is not surprising, as the
synaptic population of AMPAR could remain unchanged due to
insertion of extrasynaptic AMPAR in the synapse.
Neurl1 Interacts with and Ubiquitinates a Translational
Regulator of GluA1 and GluA2: The Cytoplasmic
Polyadenylation Element-Binding Protein 3
To investigate further how Neurl1 regulates GluA1 and GluA2
proteins, we applied Neurl1-specific immunoprecipitation andLTD at the Schaeffer collateral pathway. (i) LTP induction was not affected in DT
; p < 0.02). (Insets) Example of ten averaged traces before (1) and after (2) LTP
n (iii) and paired-pulse facilitation (iv) were unaltered (ANOVA, p > 0.63). (Insets
between pulses).
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mass spectrometry to examine the proteins that interact with
Neurl1 in the hippocampus of adult wild-type mice (Extended
Experimental Procedures). This analysis identified CPEB3 (Theis
et al., 2003) as one of the proteins interacting with Neurl1 (Fig-
ure 5A and Tables S5 and S6). CPEB3 is an RNA-binding protein
that is a member of a protein family that controls polyadenylation
of mRNAs in the cytoplasm, a widely used mechanism for the
activation of the translation of dormant mRNAs critical for certain
forms of synaptic plasticity in the mouse, in the fly, and in Aplysia
(Richter, 2007). Of the seven Neurl1-interacting proteins that we
identified, only CPEB3 was functionally related to the effect of
Neurl1 overexpression in synapse formation and in causing an
increase in GluA1 and GluA2 translation. Indeed, CPEB3 is a
known translational regulator of GluA2 (Huang et al., 2006),
whereas GluA1 has been recently identified in our laboratory
as an additional target (Figure S5A).Moreover, CPEB3 is a poten-
tial functional homolog of CPEB in Aplysia (Theis et al., 2003),
where it serves as a regulator of translation that is important
for the maintenance of synaptic growth (Miniaci et al., 2008; Si
et al., 2003a, 2003b, 2010). Therefore, we explored the possi-
bility that CPEB3may be the functional link between the increase
of GluA1 and GluA2 translation and the formation of new
synapses in Neurl1-overexpressing mice.
We first confirmed the interaction of Neurl1 with CPEB3. We
immunoprecipitated CPEB3 from adult hippocampal lysates of
wild-typemice and detected Neurl1 in the samemacromolecular
complex (Figure 5A). We also found that CPEB3 and Neurl1 co-
localize along the apical dendrites of adult CA1 neurons, in oppo-
sition to Synaptophysin (Figure 5B).
Using in vivo ubiquitination assays in HEK293T cells, we found
that Neurl1 promotes ubiquitination of CPEB3 and that this
depends on its ubiquitin ligase activity (Figure 5C). We also
observed that the most abundant form of ubiquitinated CPEB3
migrated at a molecular size that was8 kD higher than the non-
ubiquitinated protein, which suggests that it may represent
monoubiquitinated CPEB3.
Using in vitro ubiquitination assays, we found that Neurl1
targets CPEB3 directly for monoubiquitination (Figure 5D).
Importantly, we detected monoubiquitinated CPEB3 in the adult
hippocampus and found that it was significantly increased
in Neurl1-overexpressing mice and significantly reduced in
Neurl1DN animals (Neurl1: 3.01% ± 0.31% of total CPEB3Figure 3. Overexpression of Neurl1 in the Adult Hippocampus Results
(A) Data from the Morris water maze of Neurl1-overexpressing mice (DT off dox) a
path lengths faster than controls (*p < 0.007) and performed better in the probe
quadrant (TQ), p < 0.007). In probe trial 8 days after the end of transfer, DT perform
TQ, p = 0.0059). (PQ) TQ in (i).
(B) Novel object recognition (mean ± SEM). (i) The discrimination index of DT wa
differences were observed (p > 0.6).
(C) (i) LTP induced by 1 TBS was enhanced in DT (mean % of baseline; ANOVA
significantly enhanced in DT (mean % of baseline; unpaired t test; induction, p < 0
was also enhanced in DT (mean%of baseline; unpaired t test; 13 100 Hz: 1 hr rec
0.01). (Insets) Example of ten averaged traces before (1) and after (2) LTP inductio
recorded at 73 mV in presence of GABAA blockers. LTP was evoked with a
combined with postsynaptic depolarization at 0 mV. LTPmagnitude was similar b
(v) Basal synaptic transmission was slightly increased in DT (5V: p = 0.01; 10V: p =
0.04). (Insets in v and vi) Sample traces (PPR: traces for 10, 50, 100, 200, and 300
facilitated in DT (mean % of baseline 40–90 min: unpaired t test, p < 0.001).
See also Figure S3 and Table S2.versus 1.39% ± 0.13% in controls; Neurl1DN: 0.48% ± 0.09
versus 1.37 ± %0.15 in controls; p < 0.0004; Figures 5E
and S5C). When the expression of the transgenes in the adult
hippocampus was blocked by doxycycline, monoubiquitinated
CPEB3 returned back to wild-type levels (Figures 5E and S5C).
Consistent with our data, synaptic stimulation with glutamate
in cultured hippocampal neurons led to upregulation of the
protein levels of endogenous Neurl1 and increased monoubiqui-
tination of CPEB3. Importantly, this activity-dependent increase
of monoubiquitinated CPEB3 was blocked by lentiviral expres-
sion of Neurl1DN (Figures S5D and S5E).
Neurl1-Dependent Ubiquitination Modulates the
Activity of CPEB3 on Its Translational Targets GluA1
and GluA2 and Increases Their Protein Levels
Awell-established function of ubiquitination is the degradation of
proteins (DiAntonio and Hicke, 2004). In the basal state, CPEB3
negatively regulates the translation of GluA1 and GluA2 (Huang
et al., 2006; E.R.K. and L.F., unpublished data). Indeed,
Neurl1-dependent degradation of CPEB3 might explain how
overexpression of Neurl1 increases the levels of GluA1 and
GluA2. However, we found this not to be case. In mice overex-
pressing Neurl1, the protein levels of CPEB3 in the hippocampus
were not reduced; rather, they were increased, and this increase
was not due to differences at themRNA level (Figure S5F). Yet, in
the hippocampus of Neurl1DN mice, we consistently found a
reduction of CPEB3, without any alteration at the mRNA level
(Figure S4E). Similarly, the activity-dependent upregulation of
Neurl1 in cultured hippocampal neurons was accompanied
by Neurl1-mediated increase of the overall protein levels of
CPEB3 (Figure S5D). This paradox could be explained by a
CPEB3-independent regulation of GluA1 and GluA2. Alterna-
tively, Neurl1-dependent ubiquitination might affect CPEB3
translational activity by leading to the activation of CPEB3.
To distinguish between these alternatives, we overexpressed
Neurl1 in cultured hippocampal neurons using lentiviral gene
transfer. Neurl1 overexpression resulted in increased levels of
GluA1 and GluA2 proteins (Figure 6A). CPEB3 levels were
increased similar to what we observed in the adult hippocampus.
But, when we overexpressed CPEB3 alone, we found that
the levels of GluA1 and GluA2 were dramatically reduced (Fig-
ure 6A). This effect of CPEB3 was rescued when Neurl1 wasin Enhanced Learning and Memory and Increased Synaptic Plasticity
nd control siblings (mean ± SEM). Acquisition and transfer: DT reached minimal
trial on week1/day5 (quadrant*genotype effect, p < 0.003; t test for training
ed again better than controls (genotype*quadrant effect, p = 0.0047; t test for
s significantly higher in the 24 hr test (*p = 0.0005). (ii) Mice tested on dox. No
, p = 0.01). Induction phase (0–60 min) and maintenance (120–180 min) were
.02; maintenance, p < 0.02). LTP induced by one (ii) or four trains at 100 Hz (iii)
ording, p < 0.01; 43 100 Hz: 15–60 and 60–120min, p < 0.01; 120–180min, p =
n. (iv) Summary graph of LTP recorded in whole-cell configuration. EPSCs were
pairing protocol consisting of a presynaptic stimulation (150 pulses at 2 Hz)
etween DT and interleaved control experiments (p = 0.9). (Inset) Sample traces.
0.04; 15V: p < 0.05; 20 and 30V: p = 0.1). PPR (vi) was increased (ANOVA, p =
ms delays between pulses). (vii) LTD induced by one 15 min train at 1 Hz was
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Figure 4. Neurl1 Overexpression in the Hippocampus Increases the Number of Spines and Functional Synapses and the Number of AMPAR
Subunits GluA1 and GluA2
(A) (i) Computer-assisted reconstructions of representative neurons in adult Neurl1-overexpressing (DT off dox) and control mice. (ii) Golgi-stained apical
dendrites from CA1 pyramidal neurons. (1–3) DT off dox; (4) DT on dox; (5) control on dox; (6) control off dox. (iii) Mean spine density (± SEM). It was significantly
increased in DT off dox. (Inset) Mean dendritic length and number of spines that were counted ± SEM. *p < 0.0001.
1376 Cell 147, 1369–1383, December 9, 2011 ª2011 Elsevier Inc.
coexpressed with CPEB3 (Figure 6A). To rule out the possibility
that Neurl1 affects GluA1 and GluA2 levels by a mechanism not
related to the modulation of CPEB3 translational activity, we
overexpressed Neurl1 and a truncated form of CPEB3 that
retains its RNA-binding properties but lacks the first 222
N-terminal amino acids, a putative prion domain (CPEB3DNter)
(Huang et al., 2006). The deletion of this domain in Drosophila
CPEB (orb2) resulted in impaired long-term memory formation,
indicating a critical memory function of this protein region
(Keleman et al., 2007). Importantly, we found that this domain
is critical for both the interaction of CPEB3 with Neurl1 and for
its ubiquitination (Figure S5G). If Neurl1 interacts and modulates
the activity of CPEB3 and increases the translation of GluA1 and
GluA2 mRNAs, this effect would be blocked if we abolished the
interaction between CPEB3 and Neurl1. Indeed, CPEB3DNter
was still capable of reducing the levels of GluA1 and GluA2,
but this effect was not reversed by Neurl1 overexpression, in
contrast to full-length CPEB3 (Figure 6A).
We also found that Neurl1 regulated CPEB3 activity via ubiq-
uitination. Neurl1Rm-Flag, which does not ubiquitinate CPEB3
(Figure 5C), did not reverse the effect of CPEB3 overexpression
on the levels of GluA1 and GluA2 (Figure 6A). Our results are
consistent with the idea that Neurl1 ubiquitinates CPEB3 and
that the ubiquitinated form of CPEB3 upregulates GluA1 and
GluA2 protein synthesis.
Ubiquitin Modulates the Activity of CPEB3
on Its Translational Targets GluA1 and GluA2
To test the idea that the addition of a single ubiquitin to CPEB3 is
sufficient to modulate the activity of CPEB3 on GluA1 and GluA2
and mimic the effect of Neurl1 overexpression, we generated
chimeric CPEB3 fused at its C terminus to onemoiety of ubiquitin
with its seven lysines mutated to arginines and incapable to form
polyubiquitin chains (CPEB3-UbKO). This approach has been
used to study protein modification by ubiquitin, as Ub fusion
proteins have been shown to mimic ubiquitination in some
instances (Qian et al., 2002; Li et al., 2003; Carter and Vousden,
2008). In contrast to wild-type CPEB3, CPEB3-UbKO increased
theprotein levels ofGluA1 andGluA2 in dissociated hippocampal
neurons (Figure 6A). The effect of ubiquitin onCPEB3activitywas
specific and not an artifact of the fusion or a general effect of
ubiquitin-like molecules, as chimeric CPEB3-EGFP and CPEB3-
SUMOproteins reduced the levels of GluA1 andGluA2, similar to(B) Summary graph and sample traces of mEPSCs recorded in CA1 pyramidal
experiments. (Bars graph) Mean ± SEM. mEPSCs frequency was significantly in
(C) Western blot of protein levels from adult hippocampal lysates (i) (different mo
mice. (ii) Mean fold difference ± SEM (comparison with control off dox). Significant
(D) (i) Western blot of hippocampal lysates (different mouse/lane) from DT a
CaMKIIa-tTA. (ii) Mean fold difference ± SEM of GluA1 and GluA2 protein leve
(*p < 0.0001).
(E) Mean fold difference ± SEM ofmRNA levels in the hippocampus of Neurl1-over
(p > 0.3).
(F) Time course for 35S-GluA1 and 35S-GluA2 levels in control (mock; infection w
after a 1 hr pulse of 35S-Met/35S-Cys. (i) Immunoprecipitated 35S-GluA1 and 35S
SEM from three independent experiments. No differences were found (p > 0.8).
(G) Comparison of 35S-GluA1 and 35S-GluA2 at 0 min. They were significantly inc
qPCRs did not reveal differences at the mRNA level (inset; p > 0.5).
See also Figure S4 and Tables S3 and S4.CPEB3 overexpression (Figure 6A). Thus, single ubiquitin is suffi-
cient to activate CPEB3 and CPEB3-dependent translation of
GluA1 and GluA2 and to increase their protein levels.
Similar to Neurl1, overexpression of CPEB3-UbKO increased
the surface population of AMPAR without affecting their traf-
ficking and endocytosis (Table S3 and Figure S4B).
Neurl1 and Ubiquitin Activate CPEB3-Dependent
Translation of GluA1 and GluA2 mRNAs
Our data suggest thatNeurl1-dependent ubiquitination andubiq-
uitin modulate CPEB3 translational activity and activate CPEB3-
dependent protein synthesis of GluA1 and GluA2. We tested this
directly byusing 35S-Methionine/35S-Cysteinemetabolic labeling
and examining the levels of newly synthesized GluA1 and GluA2.
We obtained complementary results (Figure 6B). The observed
effects were due to modulation of GluA1 and GluA2 translation,
as we observed no differences at the level of mRNA (Figure S6A).
The changeswere specific.We tested the translation of actin and
found it unaltered (Figure S6B). Using reporter assays in
HEK293T cells, we also found that the translational regulation
of GluA1 and GluA2 mRNAs by Neurl1 and ubiquitin was medi-
ated specifically by CPEB3 and required their 30UTRs (Table S3
and Figure S6C), consistent with the role of CPEB3 as an RNA-
binding protein that binds the 30UTR of GluA1 and GluA2mRNAs
(Huang et al., 2006; Figure S5A). Taken together, these results
directly demonstrate that Neurl1 and ubiquitin modulate
CPEB3-dependent translation of GluA1 and GluA2.
Neurl1 and Ubiquitin Activate CPEB3-Dependent
Polyadenylation of GluA1 and GluA2 mRNAs
We next asked: does ubiquitinated CPEB3 activity promote
polyadenylation and increased translation of GluA1 and GluA2
mRNAs? Using polyadenylation assays in cultured hippocampal
neurons, we found that, consistent with its inhibitory role on
GluA1 and GluA2 translation at the basal state, overexpression
of CPEB3 alone induced shortening of the poly(A) tails of
GluA1 and GluA2 mRNAs (Figures 6C and S6D). This action of
CPEB3 was reversed when Neurl1 was coexpressed. The effect
of Neurl1 on CPEB3 activity was blocked when the N-terminal
domain of CPEB3 was missing, and it was dependent on its
ubiquitin ligase activity (Figure 6C). Expressing CPEB3 fused to
single ubiquitin, but not SUMO and EGFP, also led to the elonga-
tion of the poly(A) tails of GluA1 and GluA2 mRNAs (Figure 6C).neurons of Neurl1-overexpressing (DT) and control mice. (Circles) Individual
creased in DT (*p = 0.036).
use/lane). St, tetO-Neurl1-Flag single transgenic mice; DT, double-transgenic
increase was observed only in DT off dox (overexpressed Neurl1; *p < 0.0001).
nd controls (single-transgenic; st1–st3). st1 and st3: tetO-Neurl1-Flag; st2:
ls (comparison with control off dox). DT off dox showed significant increase
expressing (DT) and control mice (real-time qPCRs). No differences were found
ith control lentivirus) and Neurl1-overexpressing hippocampal cultures (16DIV)
-GluA2 were analyzed by SDS-PAGE and phosphoimager. (ii) Mean half-life ±
reased in Neurl1-overexpressing neurons (*p < 0.001, mean ± SEM). Real-time
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Figure 5. Neurl1 Interacts with and Ubiquitinates CPEB3
(A) (i) Silver stain of hippocampal lysates from adult wild-typemice after IP with anti-Neurl1 antibody. CPEB3was detected as Neurl1-interacting protein. (ii) Co-IP
from hippocampal lysates of adult wild-type mice.
(B) Confocal images of CA1 pyramidal neurons from adult Neurl1-overexpressing mice. CPEB3 and Neurl1 proteins colocalize next to presynaptic sites (syn-
aptophysin puncta). Because CPEB3 and Neurl1 antibodies were produced in rabbit, we used anti-Flag antibody to detect Neurl1-Flag, which exhibited similar
subcellular distribution with endogenous Neurl1 and interacted with endogenous CPEB3 (Figures S3A and S5B). (a–c and a0–c0) High magnification of apical
dendrites. (a0–c0) Cross sections.
(C) Neurl1 promotes ubiquitination of CPEB3 in vivo. HEK293T cells were transiently expressing 6-his-tagged ubiquitin and the indicated proteins (i). Neurl1-F,
Neurl1-Flag; Neurl1Rm-F, Neurl1-Flag without ubiquitin ligase activity. His-tagged ubiquitinated proteins were affinity purified on nickel-agarose (Ni-NTA) under
denaturing conditions and were analyzed by immunoblotting with anti-CPEB3 antibody (ii). Anti-Ub antibody was used to test the recovery of ubiquitinated
proteins. (iii) Immunoblot analysis of ubiquitinated species of CPEB3 next to lysate of cells transfected only with CPEB3. Themost abundant ubiquitinated species
of CPEB3 migrates in molecular size 8 kD higher than the nonubiquitinated protein, likely representing monoubiquitinated CPEB3 (arrow).
(D) In vitro ubiquitination assays of CPEB3. Monoubiquitinated CPEB3 (arrowhead) is detected only when Neurl1-F and the rest of the reaction components are
present. Anti-Ub antibody was used to test Neurl1-F activity, as it is known to form poly-Ub chains.
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GluA1 and GluA2 mRNA poly(A) tails were also elongated in
the adult hippocampus of mice overexpressing Neurl1, and
they were shortened in the hippocampus of mice expressing
Neurl1DN (Figure 6C). The observed changes were specific, as
the poly(A) length of actin mRNA was unaltered either in cultured
neurons or in the adult hippocampus (Figure S6E). Thus, Neurl1-
mediated ubiquitination modulates CPEB3-dependent polyade-
nylation of GluA1 and GluA2 mRNAs.
Neurl1 and Ubiquitin Facilitate Spine Growth by
Modulating CPEB3 Translational Activity
In addition to the increased protein levels of GluA1 and GluA2,
the number of functional synapses increases in the Neurl1-over-
expressing mice. Does Neurl1 also regulate spine formation
by modulating CPEB3 translational activity? This modulation
of translation would be consistent with a Neurl1-dependent
molecular mechanism that links AMPA receptor translation
and synapse formation to the role of local polyadenylation and
protein synthesis in synaptic growth and plasticity (Sutton and
Schuman, 2006). In agreement with and parallel to our ob-
servation in Neurl1-overexpressing mice, we found that Neurl1
overexpression in cultured hippocampal neurons resulted in
significantly increased number of spines and filopodia-like
protrusions (Figure 7). This number was reduced when CPEB3
was overexpressed alone. This inhibition was reversed when
Neurl1 was coexpressed with CPEB3, similar to what we
observed for Neurl1-mediated enhancement of CPEB3 activity
on GluA1 and GluA2 (Figure 7). Expression of CPEB3DNter, in
turn, significantly reduced the number of spines and filopodia
compared to control neurons, and Neurl1 overexpression did
not reverse this effect. Neurl1Rm-Flag was similarly insufficient
to reverse the inhibitory effect of CPEB3. However, expressing
CPEB3-UbKO resulted in pronounced increase of number of
spines and filopodia, whereas CPEB3 fused to either DsRed or
SUMO resulted in a phenotype similar to wild-type CPEB3 (Fig-
ures 7 and S7). Taken together, our data suggest that the ability
of Neurl1 to ubiquitinate CPEB3 is a limiting factor and facilitates
hippocampal synaptic plasticity and hippocampal-dependent
memory by modulating CPEB3 translational activity through
ubiquitination with consequent induction of an increase of
GluA1 and GluA2 protein levels and the formation of new spines.
DISCUSSION
Neurl1-Mediated Ubiquitination Modulates
Translational Activity of CPEB3
CPEB3 is a member of a group of cytoplasmic polyadenylation
proteins that regulate local protein synthesis in Aplysia,
Drosophila, and mice. CPEB3 is a homolog of the Aplysia and
Drosophila proteins that have been found to serve as functional(E) Isolation of ubiquitinated species of CPEB3 from adult hippocampal lysates usi
CPEB3 used in IPs. (ii) Detection of ubiquitinated CPEB3. (CPEB3 [in vitro ub]) Sam
CPEB3 (in vitro assay without Neurl1); (St1 and St2) Single tetO-Neurl1-Flag and
CPEB3 isolated from hippocampal lysate (St1) next to the respective input. (iv
treatment, and experiment; controls: single tetO and tTA). Monoubiquitinated CP
DT (comparisons with respective control siblings and DT on dox; *p < 0.0003).
See also Figure S5 and Tables S4–S6.prions and to be essential for long-lasting changes of synaptic
efficacy and long-term memory (Si et al., 2003b, 2010; Keleman
et al., 2007). One major question that has not been addressed in
Aplysia and in Drosophila is how these proteins are regulated.
We find that CPEB3 directly interacts with Neurl1 and is monou-
biquitinated by it. A single ubiquitin is sufficient to activate
CPEB3 and the subsequent polyadenylation and translation of
GluA1 and GluA2 mRNAs. Importantly, Neurl1 overexpression
increases monoubiquitination, and Neurl1 inhibition reduces
monoubiquitination of CPEB3 in the adult hippocampus. These
bidirectional changes are accompanied by parallel changes of
the poly(A) tail lengths of GluA1 and GluA2 mRNAs and protein
levels.
The proposed mechanism of Neurl1 in regulating translation
is consistent with the proteasome-independent action of ubiq-
uitination in protein synthesis (Spence et al., 2000). In yeast,
the ribosomal activity is regulated by the atypical Lys63 polyubi-
quitin chain. The current knowledge of the role of ubiquitination
in regulating protein synthesis in mammals, however, is limited
to proteasomal degradation of translational factors (Hitchcock
et al., 2003; Peng et al., 2003; Hou et al., 2006). Our data, there-
fore, provide new evidence for a nonproteolytic function of ubiq-
uitination in the control of protein synthesis in mammals in
general and in neurons in particular.A Role for Ubiquitination in Synaptic Plasticity
and Memory Storage
Hippocampal-dependent learning is correlated with increases
in synaptic spines, and altered number of synaptic contacts is
reflected in parallel changes in learning and memory in mice
(Fischer et al., 2005; Guan et al., 2009). Consistent with these
findings, Neurl1 overexpression and the consequent elevation
of spine number and functional synapses are accompanied by
hippocampal-dependent cognitive enhancements, whereas
blockade of Neurl1 overexpression leads to restoration of spine
number to wild-type levels and to cognitive performances
comparable to controls.
Usinga reduced test systemofhippocampal neurons in culture,
we find that Neurl1 upregulation induces the formation of spines
by modulating the translational activity of CPEB3. In the basal
state, CPEB3 inhibits both spine formation and the translation of
GluA1 and GluA2. By contrast, Neurl1 upregulation leads to
monoubiquitination of CPEB3, which leads to increased transla-
tion of GluA1 and GluA2 accompanied by an increased number
of spines. Consistently, increased monoubiquitination of CPEB3
and increased translation of GluA1 and GluA2 accompany the
increased number of spines and functional synaptic contacts in
the adult hippocampus of mice overexpressing Neurl1.
These findings are also in agreement with the role in synapse
formation and synaptic plasticity of GluA1 and GluA2, the twong sequential IP with anti-CPEB3 and anti-Ub antibodies. (i) Normalized input of
ple from in vitro ubiquitination of CPEB3 by Neurl1; (CPEB3) Nonubiquitinated
tetO-Neurl1DN-Flagmice, respectively. (iii) Western blot of monoubiquitinated
) Mean ± SEM from three independent experiments (one mouse/genotype,
EB3 was increased in Neurl1 DT (*p < 0.0016), and it was reduced in Neurl1DN
Cell 147, 1369–1383, December 9, 2011 ª2011 Elsevier Inc. 1379
1380 Cell 147, 1369–1383, December 9, 2011 ª2011 Elsevier Inc.
Figure 7. Neurl1 and Ubiquitin Increase Spine Number by Modulating the Translational Activity of CPEB3
(A) Dendrites of cultured hippocampal neurons (11DIV) expressing EGFP alone (mock) or EGFP and the indicated proteins. Branches of two neurons are shown.
(Neurl1-F) Neurons expressing Neurl1-F (Neurl1-Flag; Neurl1 overexpression). (Neurl1Rm-F) Mutant Neurl1-F.
(B) Averaged density of dendritic protrusions ± SEM (mock: 12 neurons, two branches/neuron [123 23 50 mm]; all others: eight neurons, two branches/neuron
[8 3 2 3 50 mm]). The spine density of neurons overexpressing Neurl1, Neurl1+CPEB3, and CPEB3-UbKO were significantly increased compared to mock
(CPEB3+Neurl1-F: p = 0.041; all others: p < 0.0001). The difference between neurons overexpressing CPEB3 and neurons overexpressing CPEB3+Neurl1 was
highly significant (p < 0.0001). In the rest of the neurons, the density of protrusions was similar (p = 0.6165) and significantly lower than mock (p < 0.0003).
See also Table S4 and Figure S7.known targets of CPEB3 (Nicoll, 2003; Kopec et al., 2007; Bas-
sani et al., 2009).GluA2 is important for the formationof functional
synapses. Its overexpression in hippocampal neurons increases
the number of spines, the frequency of miniEPSCs, and the
protein levels of the postsynaptic proteins Shank and PSD95
(Passafaro et al., 2003; Saglietti et al., 2007). These effects are
strikingly similar to those we observed in the adult hippocampus
of theNeurl1-overexpressingmice. GluA1 also participates in the
stabilization of spines and increases synaptic strength by means
of its ligand-gated ion channel (Kopec et al., 2007).
The proposed mechanism of Neurl1 in synaptic plasticity is
consistent with the requirement of Neurl1 activity for the mainte-
nance of LTP and LTD and with the activity-dependent upregu-
lation of Neurl1 protein levels in the hippocampus of wild-type
mice. Protein synthesis-dependent increase in AMPAR expres-
sion has been described after LTP induction (Nayak et al.,
1998), and LTP maintenance is believed to depend on both
translation-dependent morphological changes (Tanaka et al.,
2008) and GluA1 insertion-dependent spine alteration (Kopec
et al., 2007). L-LTD also depends on new protein synthesis (Man-Figure 6. Neurl1-Dependent Ubiquitination and Ubiquitin Modulate the
and Translation of GluA1 and GluA2, Leading to an Increase of Their P
(A) Western blots (i–iv) and quantitative (v) analysis of GluA1 and GluA2 proteins
control lentivirus (mock) or lentiviruses expressing the indicated proteins. Anti-Fla
Flag (Neurl1Rm-F). (CPEB3-UbKO) Chimeric CPEB3 having fused at its C terminus
SUMO) Controls. (v) Averaged data (mean ± SEM) from four independent experi
(B) 35S-GluA1 and 35S-GluA2 immediately after a 1 hr 35S-Met/35S-Cys pulse in cu
gene transfer (i). (ii) Averaged data (± SEM) from three independent experiments.
neurons overexpressing Neurl1 (Neurl1-F-expressing neurons), Neurl1 and CPEB3
neurons were similar and significantly lower compared to mock (*p < 0.009).
(C) Poly(A) assay. (i) Schematic representation of the assay. (Universal primer) Poly
indicated proteins. (Mock) Neurons expressing control lentivirus. (iii) Poly(A) tail
double-transgenic mice (DT) and respective controls (single tetO; st) kept either
See also Figure S6 and Tables S3 and S4.ahan-Vaughan et al., 2000; Kauderer and Kandel, 2000). In
addition, decrease of spine density can induce LTD impairment
(Brigman et al., 2010), whereas pharmacological or behavioral
manipulations that increase spine density facilitate LTD (Mukai
et al., 2007; Artola et al., 2006).
The model for Neurl1 function that we propose here is consis-
tent with the role of local polyadenylation and translation in
synaptic plasticity (Sutton and Schuman, 2006). The function
of CPEB3 that we describe here is also consistent with the
idea that CPEB3 is the mammalian functional homolog of
ApCPEB (Theis et al., 2003). In Aplysia, CPEB regulates local
protein synthesis and is required for the stabilization of synaptic
growth and long-lasting changes of synaptic efficacy, much as
we find for CPEB3 (Si et al., 2003a, 2010; Miniaci et al., 2008).EXPERIMENTAL PROCEDURES
Transgenic Mice
Neurl1 and Neurl1DN open reading frames (encoded amino acids 1–574
and 1–520, respectively; Neurl1 Genebank accession numbers Y15160 andActivity of CPEB3 and Increase CPEB3-Dependent Polyadenylation
rotein Levels
in lysates of cultured hippocampal neurons. The neurons were infected with
g antibody was used for the detection of Neurl1-Flag (Neurl1-F) and Neurl1Rm-
single ubiquitin that cannot form poly-Ub chains. (CPEB3-EGFP and CPEB3-
ments. (Black asterisks) Comparisons with mock. *p < 0.0007.
ltured hippocampal neurons (16DIV) expressing the indicated proteins by viral
Compared to mock, 35S-GluA1 and 35S-GluA2 were significantly increased in
together, and CPEB3-UbKO (p < 0.008).
35S-GluA1 and 35S-GluA2 in the rest of
(A)-specific primer. (ii) Assays in cultured hippocampal neurons expressing the
s of hippocampal GluA1 and GluA2 mRNAs from adult Neurl1 and Neurl1DN
off dox (transgene ON in DT) or on dox (transgene OFF in DT).
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BC099702) were cloned into the pMM400 vector. Mice were treated in compli-
ance with the rules of IACUC.
Spine Counting
The FD Rapid GolgiStain kit was used. Neuronal tracing and spine counting
were performed using the Neurolucida software (MicroBrightField). Neuro-
Explorer software (MicroBrightField) was used for the analysis. The experi-
menter was ‘‘blind’’ to the genotype/treatment. Standard criteria were followed
for the selection of neurons for tracing (Extended Experimental Procedures).
In Vivo Ubiquitination Assays
HEK293T cells transiently transfected with plasmids encoding 6 3 His-Ub,
CPEB3, and Neurl1-F or Neurl1Rm-F were lysed in 6M guanidine-HCl buffer.
Lysateswere sonicated and cleared by ultracentrifugation. His-Ub-conjugated
proteins were purified on Ni-NTA-agarose under denaturing conditions, sepa-
rated by SDS-PAGE, and analyzed by immunoblotting.
In Vitro Ubiquitination Assays
CPEB3 produced by in vitro transcription/translation was incubated with
Neurl1-F, Neurl1Rm-F and Ube1 (E1), UbcH5a (E2), and ubiquitin in the pres-
ence or absence of energy source (ATP). Reaction products were detected
by immunoblotting.
Isolation of Hippocampal Ubiquitinated CPEB3
Adult hippocampal lysates from different genotypes were first normalized
against CPEB3 by western blot and quantification. We next performed IP
with anti-CPEB3 antibody. CPEB3 was eluted by competition with 1003 of
the respective peptide. Subsequent IP with anti-Ub antibody was performed.
The final immunoprecipitants were analyzed for ubiquitinated species of
CPEB3 by immunoblot using anti-CPEB3 antibody.
Metabolic Labeling of AMPAR
High-density cultured hippocampal neurons (16DIV) were incubated for 1 hr in
600 uCi/ml of 35S-Met/35S-Cys mix in serum and Met/Cys-free DMEM after an
initial incubation for 90 min at 37C. Neurons were lysed in RIPA buffer.
Poly(A) Assays
Poly(A) tail-length assay kit was used (USB-Affymetrix).
Electrophysiology and Behavior
Adult littermate males (3.5 months) were used. Single-transgenic and wild-
type mice showed no differences and were pooled (control group). Statistical
analyses used ANOVAs with genotype as the between-subject factor. The
experimenter was ‘‘blind’’ to the genotype. Standard protocols were followed
for electrophysiology (Extended Experimental Procedures).
Morris Water Maze
In the visible, hippocampal-independent version of the task, the mice were
trainedwith four trials/day.One trial/day trainingprotocolwasused in theacqui-
sition and the transfer phases of the hidden platform version of the maze.
Escape latencies and path lengths were plotted against the day of
the experiment. Probe trials, during which the platform was removed from the
maze, lasted 1 min. Platform crossings and exploration times were examined.
Novel Object Recognition
The mice first explored two identical novel objects for 15 min. The 24 hr
memory test lasted 5 min, and a novel object had replaced one of the familiar
objects. The discrimination index was determined by the difference in explora-
tion time expressed as a ratio of the total time spent exploring the two objects.
The elevated plus maze and open field were used to measure anxiety.
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